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The objective of this work was to make a contribution to study the potential of the sequential injection-
lab-on-valve (SI-LOV) format for theminiaturization of enzymatic assays, by using differentmeasurement
modes (peak height and initialrate-based measurement). A LOV system was developed for the enzy-
matic assay of ethanol in beverages, based on the conversion of ethanol to acetaldehyde by alcohol
dehydrogenase, using spectrophotometric detection. The use of the kinetic-based approach permits the
applicability of the enzymatic determination to samples with intrinsic absorption, with a higher deter-
mination throughput.A linear dynamic application range up to 0.040% (v/v) was achieved for both initial rate and for the peak
heightmeasurement, with good repeatability (R.S.D. < 5.0% and <1.0%, respectively). Enzyme, NAD+, buffer
and sample consumption per assay were 0.12U, 0.066mg, 150 and 15L, respectively. The determination
rate achieved was 37 and 27determinationsh−1 for the initial rate and for the peak height measurement,
respectively. The results obtained for several alcoholic beverages, including a certiﬁed sample material,
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Flow analysis systems have been gaining an increased impor-
ance inwet analytical chemistry. This fact can bemainly explained
y the possibility of automating analytical chemical procedures
ith a simultaneous dramatic decrease in reagents consumption.
he trend for automation andminiaturization is particularly impor-
ant for biochemical methods of analysis, due to the elevated costs
f the reagents involved in enzymatic and immuno-assays, as well
s by the often-limited amount of the samples available. Therefore,
he possibility to perform the biochemical assays within small-
ntegrated manifolds through ﬂow-based automation of sample
nd reagent handling has received increased attention.
In this scenario, ﬂow methods became widely popular among
he scientiﬁc community, due to the possibility of automatic sam-
le handing resorting to mostly simple and low cost apparatus.
hese approaches consist in the injection of a well-deﬁned volume
f sample solution into a carrier stream in a reproducible way [1];
ne or more reagents can be added downstream and the product is
easured in a suitable ﬂow through detector.
∗ Corresponding author. Tel.: +351 225580064; fax: +351 225090351.
E-mail address: aorangel@esb.ucp.pt (A.O.S.S. Rangel).
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Although these systems have proven to be an effective way
f automating various biochemical methods, further downscaling
ould be important. In this context of downscaling and miniatur-
zation one of the frequent objections to the micro- or nano-scale
nalytical circuits is their probable susceptibility to clogging when
real” samples are to be analyzed. In the sequential injection-lab-
n-valve (SI-LOV) format the circuits are downsized only to the
icrolitre scale, being still easy to manipulate, but already in a
ompact format [2]. Like in sequential injection analysis (SIA), in
SI-LOV system, a well-deﬁned volume of sample and reagents
re sequentially aspirated to the holding coil and then propelled
y reversed ﬂow to the detector. In this equipment the mani-
old/detector is integrated on the top of the selection valve in a
obust way, so the miniaturization is possible because of the prox-
mity of the injection port to the ﬂow cell [3]. Unlike traditional
IA, there is no need for the plugs to travel a distant path in the
OV format, since the volumes of sample and reagents involved are
n a microliter scale. Therefore, an efﬁcient overlapping of reagent
ones is achieved in a repeatable way. The physical conﬁgurations
f the ﬂow channels are also designed to improve the mixing con-
itions. This way, one of the limitations attributed to SIA, the lack
f efﬁcient reagent/sample overlapping as a source of inaccuracy,
speciallywhen sample is contaminated by interfering species that
lso consume reagent in the overlapping zone, can be overcome.
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Fig. 1. ConﬁgurationofSI-LOV system for thedeterminationof ethanol; ADH, alco-
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wThe objective of this work was to study the potential of the
I-LOV format for the miniaturization of enzymatic assays. As a
ase study, we selected the enzymatic determination of ethanol
n alcoholic beverages, an important parameter to deﬁne the
uality and the stability of the product. The reference methods
roposed by Ofﬁce International de la Vigne et du Vin (OIV)
re complex, laborious and most of them require distillation as
ample pre-treatment [4–6]. To overcome these disadvantages
nzymatic ﬂow systems were developed for this determination
7–17]. Most of these methods exploit the reaction between the
mmobilized alcohol dehydrogenase with ethanol in the presence
f NAD+ to produce acetaldehyde and NADH. The detection is gen-
rally spectrophotometric of the produced NADH at 340nm. The
ethods are fast, simple and do not require any other sample
re-treatment thandilution,however theprocessof enzyme immo-
ilization frequently involves the manipulation of toxic reagents
glutaraldehyde), and the support material used for the immo-
ilization process (controlled pore glass) can add to the cost of
nalysis.
In this scenario, our study comprised two main aspects: (i) the
se of the SI-LOV format to further miniaturize the ﬂow system
nd prevent the need for the enzyme immobilization; this study
mplied the assessment of the efﬁciency of the zones overlapping
n LOV; (ii) comparison of two quantiﬁcation methodologies, peak
eight based versus initial ratemeasurement; the latter one to cope
ith the possible interference of the sample intrinsic absorption
3,18].
All chemicals were of analytical reagent grade, and boiled Milli-
water (resistivity 18M cm−1) was used throughout the work.
he buffer solution (pH 9.5) was prepared weekly by dissolving
.58g of Na4P2O7·10H2O in 250.0mL of water. The pH of this solu-
ion was adjusted with phosphoric acid 8%, v/v. The buffer for the
nzyme suspension (pH 7.5) was prepared by dissolving 0.178g of
a2HPO4·2H2O in 100.0mL of water.
To daily prepare the working enzyme solution, 1mg of
yophilized ADH (alcohol dehydrogenase, EC 1.1.1.1, from baker
east, A7011, Sigma)was re-suspended in 1.00mL of enzyme buffer
H 7.5, and this suspension was further diluted to 1.00mL in the
ame buffer in a way to achieve the concentration of 24UmL−1 in
he working reagent solution. The cofactor solution was prepared
aily by dissolving 0.0664g ofNAD+ (NAD+, free acid grade II,∼98%,
0621650001, Roche) in 5.00mL of water.
The working standard solutions of ethanol were prepared daily
rom the stock standard solution (ethanol absolute pro analysis,
210861212, UN1170, Panreac Quimica, SA) in a range between
.010% and 0.040% (v/v).
For the zone overlapping study, a 24mgL−1 bromothymol blue
olution was prepared as described by Ruzicka and Hansen [1]. The
arrier solution used for this study was borax 0.01M.
Samples were purchased in a local supermarket. A total of 10
ampleswere analyzed, using the content of the same bottle for the
eference and for the developed ﬂow methods. For the table wine
nd spirit samples no other treatment than dilution was applied
efore sample analysis. Table wines were 350 times diluted, and
he spirit samples were diluted 2500 times. The beer samples were
ltered, degassed and 400 times diluted before analysis.
p
sol dehydrogenase 24UmL−1; NAD+, cofactor 20mM; Buffer, phosphate buffer pH
.5; W, waste; Carrier, water; SP, syringe pump (2.5mL); HC, holding coil; FC, ﬂow
ell; OFC, optical ﬁbre cable; P, peristaltic pump; Detector, diode-array spectropho-
ometer.
A certiﬁed reference sample of low alcohol level wine was also
nalyzed (CRM 653, wine, nominal 0.5%, v/v). This sample was 20
imes diluted before introduction into the SI-LOV system.
The SI-LOV system (FIAlab-3500, FIAlab Instruments, Medina,
A, USA) presented in Fig. 1 consisting of a bi-directional syringe
ump (2500L of volume), a holding coil, a bi-directional variable
peed peristaltic pump and a lab-on-valve manifold mounted on
he top of a six-port multi-position valve, was used.
The USB 2000 Ocean Optics, a diode array spectrophotome-
er equipped with ﬁber optics (i.d.: 200m), and a DH-2000-BAL
ikropack, UV/Vis/NIR light source, was used. FIAlab for windows
.0 software on an Intel Pentium III Computer (995mHz, 128MB)
ontrolled the system.
The initial steps (A–F) in Table 1of theﬂowprotocolwere similar
or thepeakheight and for the initial ratemeasurement. Those steps
onsisted in aspiration of carrier, buffer, sample and reagents to the
oldingcoil: 1000Lof carrier, then50Lofbuffer, 15Lof sample
olution, 5L of ADH, 5L of NAD+ and ﬁnally 100L of buffer.
n the case of the peak height measurement, the following steps
G–J) consisted in reversing the ﬂow and propelling the mixture,
fter 30 s of stop time in the holding coil, to the ﬂow cell where the
bsorbance was measured.
In this case, the stacked zones (steps K–M) were directed to the
ow cell and the ﬂow was stopped and the change in absorbance
as monitored during 15 s. Afterwards, the reaction zone was dis-
ensed.
The reference methods used for beer and wine samples con-
isted in the distillation of the sample [4,5], and Anton Paar DMA
Table 1
Flow protocol
Step Description Volume
(L)
Flow rate
(L/s)
Selection valve
position
A Aspirate carrier to HC 1000 100 –
B Aspirate buffer to HC 50 80 6
C Aspirate sample to HC 15 25 5
D Aspirate enzyme to HC 5 25 3
E Aspirate cofactor to HC 5 25 4
F Aspirate buffer to HC 100 25 6
Peak height measurement
G Reverse ﬂow, reference scan 10 15 2
H Stop period (30 s) – – –
I Dispense HC content, data acquisition 450 15 2
J System washing, SP empty – 100 2
Initial rate measurement
5
m
d
t
T
o
e
t
p
T
t
c
i
s
b
w
m
o
Table 2
Study of the overlapping of reagent zones using a model solution of bromothymol
blue (24mgL−1)
Aspiration sequence Volume (L)
A B C D E F
Plug1: buffer 50 100 50 50 50 50
Plug2: sample 50 50 50 25 15 15
Plug3: enzyme 25 25 25 10 5 5
Plug4: cofactor 25 25 25 10 5 5
Plug5: buffer 50 50 100 100 100 50
Wta (s) 25 32 34 28 20 15
Wob (s) 13 9 16 17 16 8
Hc 0.331 0.337 0.270 0.138 0.096 0.127
A–F correspond to different conﬁguration and volumes tested.
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1K Dispense selection of stacked zones 100 15 2
L Stop period (15 s), data acquisition – – –
M System washing, SP empty – 100 2
000 Density meter was used for the measurement of the volu-
etric alcohol content of the distillates [4]. The spirit sampleswere
iluted [6] before Density meter reading [4].
Enzymatic assays usually comprise the mixing of various solu-
ions like sample, enzyme, buffer and frequently cofactor solutions.
herefore, when these assays are carried out in SIA, the number
f plugs and the aspiration order are determined by the involved
nzymatic reaction. In this work, the enzymatic assay is based on
he reaction between ethanol and alcohol dehydrogenase in the
resence of NAD+ (cofactor), producing acetaldehyde and NADH.
he formation of the reduced cofactor is measured spectropho-
ometrically at 340nm. Additionally, the reaction occurs under
ontrolled pH. Based on these conditions, the overlapping andmix-
ngof the reagent zones is of great importance. Firstly the aspiration
equence was deﬁned as buffer–sample–enzyme–cofactor–buffer;
uffer solutions in the front and in the rear part of the sequence
ere used to sandwich the other reagents and assure the adjust-
ent of the reaction pH.Within the sandwiched zone the sequence
f the other reagents was selected to promote the penetration of
e
m
v
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ig. 2. Recorded peak proﬁles (Pi) obtained by the injection of 24mgL−1 of bromothymol
5L of sample, P3 5L of enzyme, P4 5L of cofactor and P5 100L of buffer.a Total baseline width of the dispersed sample–enzyme–cofactor reagent zones.
b Baseline width of the sample–enzyme–cofactor reagent zone with total over-
apping.
c Peak height absorbance of the enzyme zone.
he sample zone through the enzyme and cofactor sections [19,20].
n preliminary experiments, the aspiration ﬂow rates were stud-
ed with the objective of using low sampling volumes with good
epeatability. These preliminary studies were carried out using a
romothymol blue model solution (24mgL−1): when a combina-
ion of aspiration ﬂow rate and volumeuptaken fulﬁlled the criteria
f R.S.D. < 5% (n=10) for the absorbance values, itwas applied in the
nzymatic method. To assess the effect of the dimensions of the
ntroduced reagent zones on the efﬁciency of the mixing, a study
imilar to Gu¨beli et al. [20] was carried out using also the model
olution of bromothymol blue (24mgL−1). Using a borax solution
0.01M) as carrier, the bromothymol blue solution was introduced
equentially in each port involved and the resulted peak proﬁles
ere recorded. The distance across the dispersed zone (Wt), the
one of total overlapping between the reagents (Wo) and the peak
eight absorbance (H) were measured. These parameters and the
olumes studied are resumed in Table 2.
In conﬁgurations A–C, the relative volumes of the buffer zones
ere studied maintaining the total volume of the other zones at
00L. In conﬁguration C; although Wt was the largest, the zone
f total overlapping between the reagents had also the largest
xtension, therefore this combination of the buffer solutions was
aintained. To further improve the mixing conditions, the total
olume of the sample–enzyme–cofactor sequence was reduced
conﬁgurations C–E); as expected, the dispersion of the enzyme
one increased (H decreased) with decreasing the total volume.
blue and corresponding aspiration sequence. P1 corresponds to 50L of buffer, P2
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dotal overlapping between the sample, the enzyme and the cofac-
or zone was achieved in conﬁguration E. With the objective of
educing the dispersion of the critical enzyme zone, while main-
aining the low injection volumes, the last buffer zonewas reduced
o half (conﬁguration F), the degree of overlapping of the zones
eteriorated. Moreover, there is a need for a larger zone of the
uffer solution to reach the ﬂow cell before the reaction zone to
erform a reference scan before the measurement. Therefore the
onﬁguration of E (Fig. 2) was maintained during the further stud-
es. The repeatability of this aspiration sequencewas also evaluated
sing thebromothymolblue solution.Good repeatabilitywas found
n=10) for all the volumes used in the sequence; 50L of buffer
R.S.D. < 0.7%), 15L sample (R.S.D. < 1.0%); 5L enzyme solution
R.S.D. < 2.9%); 5L cofactor solution (R.S.D. < 3.0%) and 100L of
uffer (R.S.D. < 0.4%).
It can be also concluded from Fig. 2 that in this aspiration
equence the dispersion of the cofactor and the enzyme zone is
qual; therefore the order of aspiration of these two zones would
ot affect the overlapping of the reagent zones.
After establishing the volumeof the reagent zones, a studyof the
nﬂuence of the chemical parameters (pH, NAD+ and ADH concen-
ration) on the sensitivity of the enzymatic reaction was studied.
nivariate procedure was applied and the sensitivity achieved in
he range of 0.00–0.040% (v/v) of ethanol was monitored using the
eak height measurement mode.
Initial conditions were established as diphosphate buffer pH
.5 and 20mM and 24UmL−1 as NAD+ and ADH concentrations,
espectively, based on the previously published work [13] for the
ame determination using a SIA manifold.
The NAD+ concentration was studied in a range between 10 and
0mM. The sensitivity increased about 56% with the increase of
he concentration from 10 to 20mM. For higher concentrations the
ensitivity decreased by 10%; therefore the concentration was set
o 20mM.
The effect of the enzyme concentration was studied for 14, 24
nd 56UmL−1. The sensitivity increased 85% when the concentra-
ion was raised from 14 to 24UmL−1. By further increasing the
oncentration, the sensitivity did not show any further improve-
ent, for that reason the concentration used was 24UmL−1.
Theworking pH is essential to assure the activity of the enzyme.
his parameter was studied in a range between 8.5 and 10. The pH
elected was 9.5 since it presented a higher sensitivity and was
lose to the reported optimum pH for this enzyme [21].
t
r
Fig. 3. Variation of the absorbance with the increase of the concentration of ethOne way to enhance the sensitivity of enzymatic reactions is
o increase the reaction time before detection. In a LOV system
his approach is quite easily accomplished by introducing a stop
eriod in the programsequence. A stop time (time elapsedbetween
ow reversal of the stacked zones and propulsion to the detector)
etween 10 and 40 swas studied. The sensitivity increasedwith the
top time in the range of 10–30 s, but decreased about 57% when
he stop time was 40 s. Thus the stop time selected was 30 s.
When samples exhibit either an intrinsic absorption or poten-
ial interferents with reaction kinetics different from the analyte,
he initial reaction rate measurement could be the most efﬁcient
ay to overcome these difﬁculties. The LOV format is particularly
uitable for kinetic-based measurements due to the easy manip-
lation of time sequences and the low volumes involved. In this
ase the stacked zones in the holding coil can be sent to the ﬂow
ell and the rate of product formation can be monitored during a
re-set time period. In thismeasurementmode, not only the length
f the stop period is important for achieving adequate sensitivity
nd linearity, but also the volume used to propel the reagent zones
o the ﬂow cell. This volume will deﬁne what portion of the dis-
ersed reagents/sample zone will be monitored during the initial
ate measurement [18,19,22]. This volume will also deﬁne the rela-
ive concentrations of the reagents and the sample inside the ﬂow
ell. These ﬂow reversal volumes were studied between 90 and
20L, with 5L increments. A higher initial rate (A/t) was
chieved using a 100L volume; therefore this volume was set.
The stop time in the ﬂowcellwas studied in the range of 10–40 s.
hen this stop time was higher than 15 s the total number of
ecorded data (spectrophotometer speciﬁcations allow a reading
requency of 2Hz) did not give a linear relationship. Therefore the
esults of the kinetic method were obtained from initial reaction
ate using the data collected during the ﬁrst 10 s of the stop period.
ig. 3 illustrates the increase of the initial rate with the increase
f the ethanol concentration. It can be concluded that, besides the
reviously mentioned advantages concerning spectral and chem-
cal interferences, the initial rate approach also presents a higher
etermination rate.The performance of the proposed methods was evaluated in
erms of reagent consumption, application range, determination
ate, repeatability and accuracy (Table 3). Both peak height mea-
anol by (A) initial rate measurements and (B) peak height measurement.
Table 3
Figures of merit of the proposed methods
Parameter Peak height
measurement
Initial rate
measurement
Reagent consumption per assay
ADH 0.12U 0.12U
NAD+ 0.066mg 0.066mg
Sample solution 15L 15L
Buffer 150L 150L
Waste production per assay 1.2mL 1.2mL
Application range Up to 0.04% (v/v) Up to 0.04% (v/v)
Determination rate 27h−1 37h−1
LOD 0.003% (v/v) 0.004% (v/v)
LOQ 0.009% (v/v) 0.01% (v/v)
Repeatability (R.S.D.) 1.0% (9.1%, v/v) (n=4) 5.0% (9.4%, v/v) (n=6)
0.7% (11.1%, v/v) (n=4) 4.0% (11.0%, v/v) (n=8)
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<31.0% (10.4%, v/v) (n=4) 4.0% (5.2%, v/v) (n=7)
2.5% (38.3%, v/v) (n=10)
4.6% (40.3%, v/v) (n=10)
urement and initial rate measurement have the same reagent
onsumption, and they were linear up to 0.040%, v/v. The sam-
ling rate was higher for the initial rate measurement. R.S.D.’s
ere below 5.0% in a range between 5.2% and 40.3% (v/v). The
ccepted precision for a reference method is established as ±0.1%
v/v) ethanol, referring to the measurement of different phys-
cal properties of the distilled samples. When looking at the
esults in Tables 3 and 4, the developed methods show worse
epeatability, but it must be kept in mind that these assays were
erformed on the whole sample without distillation, and that the
btained precision is adequate for the control of the fermentation
rocess [23]. The limit of detection and the limit of quantiﬁ-
ation were calculated as recommended by Miller and Miller
24].
The reproducibility of the initial rate measurement was eval-
ated by performing the calibration procedure under identical
peration conditions during aworking day. Applying a single factor
able 4
omparison of the results obtained for the analysis of different beverages according
o the reference and the developed procedures
ample Reference methods
%a ethanol (v/v)
%Ethanol (v/v)
Peak height
measurementb
Initial rate
measurementb
ed table wine 9.3 (±0.1) 9.1 (±0.1) 9.7 (±0.6)
ed table wine 12.4 (±0.1) 12.3 (±0.9) 12.3 (±0.2)
ed table wine 11.1 (±0.1) 11.1 (±0.1) 10.4 (±2.9)
hite table wine 10.2 (±0.1) 10.4 (±0.1) 10.4 (±0.1)
eer 1 5.2 (±0.1) – 5.1 (±1.2)
eer 2 4.6 (±0.1) – 4.8 (±0.5)
eer 3 4.7 (±0.1) – 4.7 (±0.2)
pirit 1 36.7 (±0.1) – 36.7 (±3.7)
pirit 2 36.6 (±0.1) – 36.3 (±2.9)
pirit 3 39.2 (±0.1) – 39.8 (± 2.0)
a Mean and accepted precision for n=3.
b Mean and standard deviation for n=3.
able 5
esults obtained in the analysis of the certiﬁed reference wine sample, CRM 653
ertiﬁed value, % ethanol (v/v) 0.539±0.0095a
eak height measurement, % ethanol (v/v) 0.537±0.025b
(˛=0.05)c 0.03
nitial rate measurement, % ethanol (v/v) 0.548±0.026b
(˛=0.05)c 0.15
a Laboratory mean and standard deviation of laboratory means.
b Mean and standard deviation for n=7.
c t critical: 2.45. Ta
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[NOVA [24] treatment between and within day for the calibration
urves revealednosigniﬁcantdifferences for a95%conﬁdence level.
To evaluate the accuracy of the proposed methods, a total of
0 beverage samples were analyzed. The reference procedure was
lso carried out using the same content of the bottle. The results
btained in the analysis are presented in Table 4.
The linear relationships (Cpeak height meas. =C0 + SCref. meth.)
nd (Cinitial rate meas. =C0 + SCref. meth.) were established (n=4
nd 10, respectively) and are described by the equations
peak height =−0.056 (±4.245) +1.003 (±0.393)Cref. meth., and
initial rate meas. =−0.037 (±0.446) +1.003 (±0.021)Cref. meth. [25].
alues presented in parentheses represent the limits of the 95%
onﬁdence intervals for the equation parameters. These values
emonstrate that the obtained results were not statistically
ifferent.
A certiﬁedwine sample, CRM653,with a low level alcohol (0.5%,
/v nominal value) was also analyzed. In this case the sample was
0 times diluted before introduction into the system, resulting in
much higher matrix to analyte ratio than in the case of the table
ines. The results obtained for the peak height and the initial rate
easurement presented in Table 5 show good agreement with the
ertiﬁed value [25].
The results obtained for the enzymatic determination of ethanol
n beverages were comparable to those obtained by the refer-
nce method with good repeatability, minimum sample treatment
nd low reagent consumption. The low reagent consumption is an
dvantage when compared with some ﬂow methodologies for the
ame determination (Table 6). The application range and the cor-
esponding detection limits are comparable to those obtained by
he other ﬂow methodologies. The limit of detection for the pro-
osed method is lower than the ones obtained with other ﬂow
ethodologies using enzymes in solution.
The determination rate can be increased when the initial rate
easurement is performed as only a 10 s period is used for data
cquisition while in the peak height measurement the maximum
bsorbance must be achieved.
The easy manipulation of time sequences and the low volumes
sed in the LOV format systemmakes it proper for thekinetic-based
ssays. The initial ratemeasurement is themost efﬁcientwaywhen
[
[
[ample shows evidence of intrinsic absorptionor contains potential
nterferents with a reaction rate different of the analyte. Addition-
lly, the analytical response is not inﬂuenced by the schlieren effect
n this type of measurement.
The use of a lab-on-valve format with reduced injection vol-
mes, and strategic selected aspiration sequence proved to be
n efﬁcient way to overcome the deﬁcient overlapping of sam-
le and reagent zones frequently attributed to conventional SIA
ssays.
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